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Effect of potassium depletion on proximal tubule AT1 receptor hypertrophy model, the rat subjected to 5/6 nephrectomy
localization in normal and remnant rat kidney. (Nx), proximal tubules are enlarged as well as type A
Background. Since both potassium depletion and renal abla- intercalated cells (ICC) of distal tubules [6, 7]. Further-tion result in proximal tubule hypertrophy and the angiotensin
more, this nephrectomy module is associated with en-II type 1 (AT1) receptor has been localized in rat proximal
hanced Ang II-dependent distal tubule transport, andtubules, we explored the possibility that the AT1 receptor intra-
cellular distribution is modulated by potassium depletion in the ICC growth effect can be attenuated by AT1 receptor
proximal tubular cells of 5/6 nephrectomized (Nx) rats. blockade, as can transport function. Of interest, when
Methods. Four groups of rats were studied: sham operated, potassium depletion is superimposed on this 5/6 Nx prep-
potassium-depleted sham-operated rats, 5/6 Nx rats two weeks
aration, there is further ICC growth and transport, butpostsurgery, and potassium-depleted 5/6 Nx rats two weeks
the transport increase is not attenuated by AT1 receptorpostsurgery. After the morphometry of proximal tubular cells
was defined, by using immmunogold electron microscopy tech- blockade. Accordingly, this led us to hypothesize that
niques the subcellular distribution of AT1 receptors were visu- potassium depletion and 5/6 Nx models differ with re-
alized and quantitated. spect to the renin-angiotensin system, and specifically in
Results. Hypertrophy of proximal tubule cells due to both the intracellular expression and localization of the AT15/6 Nx and potassium depletion was documented. Furthermore,
receptor. After 5/6 Nx, such differences might be criticalto our knowledge for the first time, the results showed that in
in modulating both proximal tubular epithelial hypertro-potassium depletion, with and without superimposed 5/6 Nx,
the AT1 receptor density in proximal tubular cells was dramati- phy and epithelial transporters [8].
cally enhanced in the apical membrane, the basal membrane, To explore the possibility that the AT1 receptor intra-and in nuclei. cellular distribution is modulated by potassium depletionConclusion. In normal rats and those subjected to renal abla-
in proximal tubular cells of 5/6 Nx rats, we set out firsttion, these immunocytochemical data provide intracellular
to define the morphometry of proximal tubular cellproximal tubule AT1 receptor localization and demonstrate
loci of increased receptor density after potassium depletion. growth and then by immmunogold electron microscopy
to visualize and quantitate the subcellular distribution
of AT1 receptors.
Our investigations show, to our knowledge for theWe have recently shown that in potassium-depleted rab-
first time, that in potassium depletion, with and withoutbits, proximal tubular mRNA expression for the angio-
superimposed 5/6 Nx, AT1 receptor density in proximaltensin II type 1 (AT1) receptor is increased and incuba-
tubular cells is dramatically enhanced in the apical mem-tion of proximal tubular cells in a low potassium medium
brane, the basal membrane, and in nuclei.enhances angiotensin II (Ang II) binding [1]. Potassium
depletion stimulates proximal tubular cell growth [2] and
the AT1 receptor, located in apical and basolateral mem- METHODS
branes of proximal tubule cells [3], also mediates Ang II-
Animals and diets
induced proximal tubule cell hypertrophy [4, 5]. In another
Male Sprague-Dawley rats, weighing between 230 and
280 g, were purchased and kept in a climate-controlled fa-
cility at the University of Ottawa, underwent 5/6 nephrec-Key words: kidney ultrastructure, hypertrophy, apical membrane, basal
membrane, angiotensin II type 1 receptor, cell growth. tomy (Nx), as previously described [6]. Sham-operated
rats also underwent the same procedure, except the sur-Received for publication February 23, 2001
gical instruments only touched the kidney. Dietary potas-and in revised form May 3, 2001
Accepted for publication June 4, 2001 sium depletion was induced in sham-operated and Nx
rats by ad libitum ingestion of a potassium-free synthetic 2001 by the International Society of Nephrology
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diet and distilled water for seven days prior to sacrifice. with a Philips 300 electron microscope. Cells were in-
cluded in the study when the following criteria were met:The synthetic diet (in grams per kilogram) consisted
(1) the plane of the section passed through the nucleus;of 12.90 NaH2PO4, 4.07 NaCl, 9.60 MgCl2.6H2O, 14.23
(2) the tight junctions were visible at both terminationsCaCO3, and 959.19 basal electrolyte-free diet powder
of the apical membrane; and (3) the in-foldings of the(TD78093; Harlan Teklad, Madison, WI, USA) and con-
basolateral membrane were continuous. Images were re-tained 163.13 mmol sodium per kg diet, 164.08 mmol
corded on Eastman 35-mm film at an original magnifica-chloride per kg diet, and 0 mmol potassium per kg diet. In
tion of 6600 and converted to digital images at 675our laboratory, this diet reproducibly induces significant
dots per inch, using a negative and slide scanner (Polar-potassium depletion, with plasma potassium levels falling
oid Sprint Scan 35).to 50% of normal [6]. Nx and sham-operated rats re-
Morphometric analysis of electron microscope digitalmained on rat chow ad libitum and tap water for the
images was performed on a Power Macintosh computer,seven days prior to sacrifice.
using a PC version of Image (Scion Image for Windows;
Electron microscopy and immunogold labeling downloaded from the Scion Corporation Home Page;
http://www.scioncorp.com/). Determinations of nuclear,Three rats per group were anesthetized with Somnotol
cytoplasmic vesicle, and vacuole cross-sectional surface(100 mg/kg), and the kidneys were perfused through
areas were calculated by passing the cursor around thethe abdominal aorta with cold phosphate-buffered saline
perimeter of the nucleus, vesicle, or vacuole. Surface(PBS) at pH 7.4 followed by Zamboni’s fixative. The left
cross-sectional areas of the microvilli of the brush borderkidneys from sham-operated, potassium-depleted sham-
were determined by passing the cursor around the perim-operated, Nx, and potassium-depleted Nx rats were re-
eter of the free surface of the microvilli and continuingmoved, and 2 mm slices of kidney cortex were cut with
along the apical plasma membrane at the base of thea razor blade and immediately immersed in fixative. Sub-
microvilli. The cross-sectional surface area of the baso-sequently, 1 mm3 pieces of cortex were excised, immersed
lateral membrane infoldings was determined by passingin fixative for three to four hours, and rinsed thoroughly
the cursor around the perimeter of the region of the cellwith 0.1 mol/L phosphate buffer. Specimens were then
containing in-foldings of the basolateral membrane. Im-incubated with 50 mmol/L glycine in 0.1 mol/L PBS for
munogold particles were counted visually in a total of30 minutes at 4C to quench residual aldehyde groups.
20 nuclei, 20 basolateral membranes, 20 microvillar re-The tissue was rinsed with 0.1 mol/L PBS and dehydrated
gions, 40 electron-dense vesicles, and 40 electron-lucentin 30, 50, 70, and 90% ethanol and infiltrated with 90%
vacuoles from three rats of each treatment group. Theethanol-LR White (Merivac, Halifax, Nova Scotia), fol-
apical cell boundary length was determined by passing
lowed by 1:2 and 1:3 proportions and finally by pure the cursor along the apical membrane surface at the base
LR White at 4C. Tissue samples were placed in gelatin of the microvilli from tight junction to tight junction in
capsules subsequently filled with LR White and covered. a total of 20 cells from three rats in each treatment group.
Polymerization occurred at 50C for six hours in a vac- The basolateral cell boundary length was determined by
uum oven. passing the cursor along the margin of the base of the
Silver-gold sections were cut with a diamond knife in-foldings of the plasma membrane in a total of 20 cells
using a Reichert Ultracut Ultramicrotome (Leica Can- from three rats in each treatment group.
ada, Willowdate, Ontario) and mounted on 200-mesh
Nickel grids (Merivac). Subsequently, sections were in- Statistical analysis
cubated with diluted (1:50) rabbit anti-rat AT1 receptor Results are presented as means  SEM. Statistical
serum (Santa Cruz Biotechnology, Santa Cruz, CA, USA) analysis used Instat software for analysis of variance
or with diluted (1:50) normal rabbit serum to assess the followed by a Student-Newman-Keuls post hoc test. Sig-
extent of nonspecific or background immunogold label- nificant differences were assessed at P  0.05.
ing. In our hands, immunofluorescence studies with the
AT1 receptor antibody labeled the apical and basal mem-
RESULTSbranes of rat proximal tubule cells and Western blot
Ultrastructural studiesanalysis revealed a single band with a molecular weight
of 49 K (data not presented), consistent with the product The proximal tubule cells in sham-operated and potas-
information provided by the manufacturer. sium-depleted sham-operated rats displayed the ultra-
Sections were then thoroughly washed with phosphate- structural features described in our earlier studies [9].
buffered saline (PBS) and incubated for one hour at Compared with sham-operated rats, the proximal tubule
room temperature with goat anti-rabbit IgG coated with cells of potassium-depleted sham-operated rats con-
18 nm gold particles (Bio-Ca Scientific, Mississauga, On- tained large membrane-bound electron-lucent vacuoles
tario, Canada) diluted 1:20 in PBS. Sections were stained located in the apical region of the cell (Fig. 1 A, B).
Furthermore, the proximal tubule cells of potassium-in saturated uranyl acetate and lead citrate and examined
Fryer et al: K depletion and AT1 receptor1794
Fig. 1. Electron microscopy photomicrographs of proximal tubule cells. (A) Sham-operated rat. (B) Sham-operated potassium-depleted rat. (C)
5/6 Nephrectomized rat. (D) Potassium-depleted 5/6 nephrectomized rat (magnification 8500; bar denotes 2 m; see the Results section).
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Fig. 3. Vesicle and vacuole cross-sectional surface areas in proximal
tubule cells. Abbreviations are: sham-operated (Sh), sham-operated
potassium-depleted (Sh-K), 5/6 nephrectomized (Nx), and 5/6 nephrec-
tomized potassium-depleted (Nx-K) rats. a is not significantly different
(P  0.05) from b; d is significantly greater (P  0.05) than a, b, or cFig. 2. Proximal tubule cross-sectional cell-surface area. Abbreviations
(see the Results section).are: sham-operated (Sh), sham-operated potassium-depleted (Sh-K),
5/6 nephrectomized (Nx), and 5/6 nephrectomized potassium-depleted
(Nx-K) rats. b and c are significantly greater than a (P  0.05); (see
the Results section).
The extent of nonspecific or background labeling assessed
by replacing the AT1 receptor antiserum with normal
rabbit serum was negligible, less than 2% (Fig. 4D).depleted sham-operated rats also displayed a marked
Morphometric analysis demonstrated that the apicalcellular hypertrophy as confirmed quantitatively by a
cell boundary length of the proximal tubule cells of allsignificant increase in cross-sectional cell-surface area
treatment groups—potassium-depleted sham-operated,(Fig. 2). The proximal tubule cells in Nx rats (Fig. 1C)
Nx, and potassium-depleted Nx—was significantly longeralso were hypertrophied compared to sham-operated rats
than that of the sham-operated rats (Fig. 5). To obtainas evidenced by a significant increase in cell-surface cross-
an index of the total number of AT1 receptors on thesectional area (Fig. 2). As observed for sham-operated
apical surface of a proximal tubule cell, the surface arearats, potassium depletion also resulted in the appearance
of the apical membrane was determined by taking theof large electron-lucent vacuoles in the cytoplasm of the
square of the apical cell boundary length (assuming thatcells of the proximal tubule of the potassium-depleted
the apical surface of the cell has the same length as width)Nx rats (Fig. 1D) and a robust cellular hypertrophy such
and then multiplying it by the number of immunogoldthat the cell-surface area was significantly greater than
particles observed per square micron of apical cell bound-that observed for the potassium-depleted sham-operated
ary. The total grain counts of immunogold-labeled AT1rats (Fig. 2).
receptor were significantly greater for potassium-depletedThe cytoplasm of the proximal tubule cells of all
sham-operated rats compared with sham-operated rats,groups of rats contained electron-dense vesicles (Fig. 1).
Nx rats compared with sham-operated rats, and potas-Morphometric analysis revealed that the electron-dense
sium-depleted Nx rats compared with Nx rats (Fig. 6).vesicles were significantly smaller than the electron-lucent
The basolateral cell boundary length of the proximalvacuoles observed in the cytoplasm of potassium-depleted
tubule cells, as observed for the apical membrane, for allsham-operated and potassium-depleted Nx rats (Fig. 3).
treatment groups (potassium-depleted sham-operated,The size of the nucleus (cross-sectional surface area) for
Nx, and potassium-depleted Nx) was significantly greaterany of the treatment groups did not differ significantly
than observed for the sham-operated rats (Fig. 7). Anfrom that of sham-operated rats (13.73  4.75 m2).
index of the total number of AT1 receptors present on
Immunogold labeling the basolateral surface of the proximal tubule cells was
determined in like manner for the apical cell surface.In proximal tubules of all treatment groups, AT1 recep-
As observed for the apical surface (Fig. 6), potassiumtor immunogold labeling was observed in microvilli of
depletion resulted in significantly greater grain countsthe apical membrane (Fig. 4A), basolateral membranes
of immunogold-labeled receptor for potassium-depleted(Fig. 4B), in the electron-dense cytoplasmic vesicles (Fig.
sham-operated rats compared with sham-operated rats4C), in the electron-lucent vacuoles in the cytoplasm
and for potassium-depleted Nx rats compared with Nxof the potassium-depleted sham-operated (Fig. 4D) and
potassium-depleted Nx rats, and in the nucleus (Fig. 4E). rats (Fig. 8).
Fig. 4. Electron microscopy immunogold-labeling of AT1 receptors in proximal tubule cells. Fine particles (A; arrows) identify the immunogold
antibody/receptor complex. Potassium-depleted rat (A) microvilli of apical membrane, (B) basolateral membrane, (C) electron-dense vesicles, (D)
electron-lucent vacuole, (E) nucleus, and (F ) basolateral membrane of a control section in which the immune serum was replaced with normal
rabbit serum (magnification 50,000; bar denotes 0.2 m; see the Results section).
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Fig. 7. Basolateral cell boundary length of proximal tubule cells. Abbre-Fig. 5. Apical cell boundary length of proximal tubule cells. Abbrevia-
viations are: sham-operated (Sh), sham-operated potassium-depletedtions are: sham-operated (Sh), sham-operated potassium-depleted (Sh-K),
(Sh-K), 5/6 nephrectomized (Nx), and 5/6 nephrectomized potassium-5/6 nephrectomized (Nx), and 5/6 nephrectomized potassium-depleted
depleted (Nx-K). b is significantly greater (P  0.05) than a; c is signifi-(Nx-K) rats. b is significantly greater (P  0.05) than a (see the Results
cantly greater than a; d is significantly greater (P  0.05) than b or csection).
(see the Results section).
Fig. 6. Total grain counts of immunogold-labeled AT1 receptor of the Fig. 8. Total grain counts of immunogold-labeled AT1 receptor of theapical cell surface of proximal tubule cells. Abbreviations are: sham-
basolateral cell surface of proximal tubule cells. Abbreviations are:operated (Sh), sham-operated potassium-depleted (Sh-K), 5/6 nephrec-
sham-operated (Sh), sham-operated potassium-depleted (Sh-K), 5/6 ne-tomized (Nx), and 5/6 nephrectomized potassium-depleted (Nx-K) rats.
phrectomized (Nx), and 5/6 nephrectomized potassium-depleted (Nx-K)b is significantly greater (P  0.05) than a or c; d is significantly greater
rats. b is significantly greater (P  0.05) than a; d is significantly greater(P  0.05) than c (see the Results section).
(P  0.05) than c (see the Results section).
Morphometric analysis revealed no significant differ-
on the kidney. Toback et al have shown that nontrans-ences in the amount of AT1 receptor labeling over the formed monkey kidney cells in vitro maintained in a lowelectron-dense or electron-lucent vacuoles in the cyto-
potassium medium release a number of growth factorsplasm for any of the experimental groups (data not pre-
that may be involved in the autocrine and paracrinesented).
regulation of kidney growth [2]. Reductions in renal massPotassium depletion resulted in significant increases in
also are associated with renal growth, cell hypertrophy,AT1 receptor labeling of the nuclei of potassium-depleted
and altered transport of surviving proximal and distalsham-operated and potassium-depleted Nx rats (Fig. 9),
tubules [7]. A number of recent studies have implicatedwith no significant differences in nuclear surface area
Ang II, presumably via the AT1 receptor, as a stimulatoramong the treatment groups, as was noted previously.
of renal tubule growth and transport [4, 5]. Furthermore,
AT1 receptors have been localized to the apical and baso-
DISCUSSION lateral membranes of rat proximal tubule by immunocyto-
chemistry [3], and, in potassium-depleted rabbits, kidneyNumerous investigations have described both growth
promoting and transport effects of potassium depletion cortex and proximal tubular mRNA expression for the
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described in proximal tubules of remnant nephrons [12].
In the present studies, potassium depletion of Nx rats
resulted in striking proximal cell hypertrophy, even
greater than that observed in response to potassium
depletion alone. Apart from the cellular hypertrophy,
no differences were apparent in the general cytological
appearance of the potassium-depleted Nx rats versus the
potassium-depleted sham-operated rats. As in previous
reports [9], we observed the presence of cytoplasmic
vacuoles in the apical region of proximal tubular cells.
As summarized in the Results section, potassium deple-
tion resulted in marked enhancement of apical membrane
AT1 receptor density for both sham-operated and Nx
rats. Similar marked differences between the same
Fig. 9. Total grain counts of immunogold-labeled AT1 receptor of the groups occurred in basolateral membranes. With respect
nucleus of proximal tubule cells. Abbreviations are: sham-operated to proximal cell nuclei, there also was more intense local-(Sh), sham-operated potassium-depleted (Sh-K), 5/6 nephrectomized
ization in both potassium-depleted groups. Finally, and(Nx), and 5/6 nephrectomized potassium-depleted (Nx-K) rats. b is
significantly greater (P  0.05) than a; d is significantly greater (P  in contrast, there were no differences in AT1 receptor
0.05) than c (see the Results section). density over the dense vesicles in any groups, nor over
the electron lucent vacuoles of the Nx and potassium-
depleted Nx rats.
This first demonstration of AT1 receptors in the nu-AT1 receptor is increased, and incubation of cultured
cleus of proximal tubule cells deserves further comment.proximal tubular cells in a low potassium medium en-
Nuclear Ang II receptors have been described in a num-hances Ang II binding [1].
ber of Ang II target tissues. Injection of fluorescence-Accordingly, the present studies explored the possibil-
labeled Ang II directly into the cytoplasm of vascularity that the AT1 receptor intracellular distribution is mod-
smooth muscle cells resulted in a rapid accumulation ofulated by potassium depletion in proximal tubular cells
Ang II in the nucleus [13]. Nuclear Ang II binding sitesof 5/6 Nx rats. We first defined the morphometry of
have been characterized in rat liver [14, 15], and AT1proximal tubular cell growth, and then by immmunogold
receptors have been localized by immunocytochemistryelectron microscopy, the subcellular distribution of AT1 in the nuclei of brain neurons [16]. The relationship ofreceptors were visualized and quantitated.
nuclear AT1 receptors to plasma membrane AT1 recep-Early morphological studies of the internalization of
tors remains unclear because they have been shown toAng II in vivo used radiolabeled Ang II and autoradiog-
display a number of different properties, yet both recep-
raphy. Studies in rat vascular smooth muscle and cardiac
tors are sensitive to losartan blockade, which suggests
muscle revealed a predominantly perinuclear intracellu- that the nuclear and plasma membrane receptors may
lar distribution of labeled Ang II [10]. With rat norepi- be related [15]. Little is known of the functional signifi-
nephrine-containing adrenal medulla cells, labeled Ang II cance of the nuclear Ang II receptors. However, Ang II
was found in the Golgi apparatus and lysosomes [11]. has been shown to stimulate mRNA synthesis in isolated
With rat adrenal glomerulosa cells, labeled Ang II was hepatocyte nuclei [17] and nuclear Ang II receptors in-
shown to bind to cell-surface receptors and then was se- duce the transcription of renin and angiotensinogen. In
questered in clusters within coated pits, followed by inter- the present study, the increase in Ang II receptors in
nalization in coated vesicles and transport to lysosomes, the nucleus suggests an enhanced role of Ang II in potas-
all within 20 minutes [11]. With the advent of colloidal sium-depleted rats acting upon the genome to mediate
gold immunocytochemistry with electron microscopy, a Ang II-dependent mechanisms.
more sensitive localization technique has become avail-
Recycling of the AT1 receptorable [8], making it possible to describe subcellular AT1
localization and receptor density in proximal tubule cells. It is generally held that recycling of the AT1 receptor
to the cell surface follows the internalization process,
Morphological changes and localization and this process is important for the regulation of the
of the AT1 receptor number of cell-surface receptors [18]. Anderson et al
Our morphological studies, directed to localize the showed in cultured rat aortic smooth muscle cells that
receptor, revealed that proximal tubule cells of Nx rats after binding to cell-surface receptors, Ang II clusters in
were significantly hypertrophied compared with sham- coated pits and is rapidly internalized via coated vesicles
that fuse to form endosomes and that, after one hour,operated rats and resembled the appearance previously
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induced hypertrophy of cultured murine proximal tubular cells isthe label is found in large lysosome-like vesicles and
mediated by endogenous TGF-. J Clin Invest 92:1366–1372, 1993
smaller nonlysosomal vesicles [8]. Potassium depletion 6. Levine DZ, Iacovitti M, Buckman S, et al: K depletion stimulates
in vivo HCO3 reabsorption in surviving rat distal tubules. Am Jincreases Ang II surface receptor numbers in vascular
Physiol 274:F665–F672, 1998smooth muscle cell lines at 4C, while it decreases recep-
7. Levine DZ, Iacovitti M, Luck B, et al: Surviving rat distal tubule
tor internalization and externalization at 21C [19, 20]. bicarbonate reabsorption: Effects of chronic AT1 blockade. Am J
Physiol (Renal Physiol) 278:476–483, 2000In those studies, no labeling was observed in the Golgi
8. Anderson KM, Murahashi T, Dostal DE, Peach MJ: Morpho-or nuclear region. In our present in vivo model, direct evi-
logical and biochemical analysis of angiotensin II internalization
dence for AT1 receptor recycling must await time-course in cultured rat aortic smooth muscle cells. Am J Physiol 264:C179–
C188, 1986studies associated with changes in potassium stores.
9. Sarkar K, Levine DZ: A correlated study of kidney functionIn these studies, we identified the intracellular locali-
and ultrastructure in potassium-depleted rats. Nephron 14:347–360,
zation of the AT1 receptor, and demonstrated that in 1975
10. Robertson AL Jr, Khairallah PA: Angiotensin II: Rapid local-both potassium-depleted sham-operated and potassium-
ization in nuclei of smooth and cardiac muscle. Science 172:1138–depleted 5/6 Nx rats, receptor density in proximal tubular
1139, 1971
cells is dramatically enhanced in the apical membrane, 11. Bianchi C, Gutkowaska J, Charbonneau C, et al: Internalization
and lysosomal association of [125I] angiotensin II in norepinephrine-the basal membrane, and nuclei.
containing cells of the rat adrenal medulla. Endocrinology 119:
1873–1875, 1986
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